. Bending and torsional stiffness measurements of equine radii and tibiae. Pferdeheilkunde, 30(5):577-584. DOI: 10.21836/PEM20140509
Introduction
In animals and humans long bones primarily have to be stiff, i.e. they have to function without deforming much under load (Currey 1981) . The bone strength is also of great but secondary importance. Both the stiffness of a bone and its strength depend on two factors: (1) the stiffness and strength of the bone material itself, i.e. the bone material properties and (2) the architectural properties of the whole bone (Currey 1999 and 2006 , Reilly and Burstein 1974 , Reilly and Burstein 1975 . A large number of studies have been performed to characterize material properties of cortical or cancellous bone tissue, such as density, bone mineral content, hardness, elasticity (stiffness) and strength; for an overview see for example (Guo 2001) . Bone architectural properties, e.g. length, thickness of cortical bone, cross sectional area, and resulting parameters such as moment of inertia, have also been studied (Currey 2001 ).
The bone can be loaded in bending in order to determine the bending stiffness, i.e. the ratio between the applied load and the resulting deformation. Standard three-point bending tests have been performed on equine bones, such as the metacarpus (Schryver 1978 , Lawrence et al. 1994 . Hanson et al. (1995) have performed bending tests with different segments of the diaphysis taken from various equine bones. Bending stiffness was approx. 5'200 N/mm for both tibiae and radii. They also performed torsional testing. Torsional stiffness was approx. 1'200 N*m/rad.
In the case of a horse, the bones in the legs are loaded primarily in compression and bending. For other types and directions of loading the bone may be weak (Currey 1968) . Nevertheless, the loads during galloping or jumping are still a factor of 3 lower than the ultimate strength of the bone (Biewener et al. 1983 ). This reserve factor of 3 is typical also for other animals. During landing, compression stresses up to 80 MPa can be reached, whereas this bone breaks at approx. 200 MPa. The loading of the bones during walking is approx. 2.5 times the body weight, whereas during trotting the loading can be up to 5 times the body weight. The ultimate compression stress during trotting is around 45 MPa, but fracture strength is beyond 85 MPa (Piotrowski 1983) .
The loading on a bone during locomotion or athletic activities can be divided into compression or tension, bending, and torsion. For example, Schneider et al. have shown that radii and tibiae of horses experience not only compression, but also significant bending and torsion under natural living conditions (Schneider et al. 1982) . Curry and others have pointed out that a bone under axial loading can be subject to Euler buckling (Currey 2001) . This failure type is especially important if the shape of the bone is not exactly symmetrical. This is in practice always the case. Hanson et al. have measured the geometry of various equine long bones, including radii and tibiae (Hanson et al. 1994) . They have shown that there rarely exists a significant difference between left and right leg bones. In another study the same authors reported structural properties from the same group of bones (Hanson et al. 1995) . They performed 4-point bending, torsion and compression tests on specimens cut from the diaphyseal part of the cortex. Bending, torsional and compressive stiffness values were determined. All bones showed the same stiffness, with the exception of bending stiffness. In bending, tibiae were more than 50 % stiffer than radii. Ultimate failure bending moments were also determined. Large differences (up to a factor of 4) were reported in elastic moduli measured from whole bones and from cortical specimens.
The primary aim of this study was to quantify the stiffness properties of equine tibiae and radii in bending and in torsion. We measured the diaphyseal stiffness properties in bending and torsion by non-destructive testing. The secondary aim was to clarify if bone stiffness is influenced by the age or gender of the animal. While a reduction of bone strength and stiffness with age is well known in human bones, such an effect has not yet been studied for equine bones.
Material and methods

Material selection, preparation and pre-test examination
Between 2001 and 2004 a total of 56 bones (radii and tibiae, left and right side) were collected from fifteen euthanized horses. The horses were aged between 4 and 21 years and had been euthanized for various reasons such as colic and behavioural problems (see table 1 ). None of the horses suffered from a bone disorder. The horses were mainly warmbloods (11 of 15). Nine horses were geldings, and six were mares. One bone (the right radius of animal No. II), could not be tested in bending due to a manipulation error during the torsional test. Three bones (right tibia and right radius from animal No. X and the left radius from animal No. XIV) were used in pre-tests for another study and were not available.
Immediately after euthanasia, the bones were stripped of soft tissue and wrapped in a cloth soaked in 0.9 % physiological saline solution. They were stored in a closed plastic bag at -20º C until further processing. Two weeks before the start of the investigation, the bones were thawed and prepared. Any remaining tissue such as muscle, tendons, ligaments and Bending and torsional stiffness measurements of equine radii and tibiae S. Michel et al.
Pferdeheilkunde 30 (2014) 578 attachments of articular capsules was removed. Any ulna or fibula which extended beyond the proximal end of the radius or tibia was sawed off. The length of the bone was measured with a sliding calliper and the geometric centre was determined. The bones were between 36.4 cm and 42.5 cm long. Some of the bones had to be shortened to 38 cm so that they fit the testing rig. This was equivalent to a shortening of not more than approx. 10 % of the total length. The bones were shortened by equal amounts at the proximal and distal epiphysis.
The next step was to cast both ends of each bone in polyurethane (Biresin G26/G28 from Sika AG, Bad Urach, Germany), such that the widest part of the epiphysis was embedded, see Fig. 1 . Prior to the static tests, the bones were examined macroscopically and by X-ray. The purpose of these pre-test examinations was to ensure that the bones had not suffered prior damage. The bones were again wrapped in cloths soaked in saline solution, packed in plastic bags and stored at 4°C until the tests started. The bones were warmed up for 12 hours before testing at room temperature (24°C), but still within their wrapping. The plastic bag and the cloths were removed only during testing (for less than 15 minutes). All static tests were carried out at room temperature. The bending test rig was a custom-built device (Fig. 2) . It was similar to the one used by Nyquist for human long bones (Nyquist et al. 1985) . The set-up consisted of a rigid frame which had support pins set 23 cm apart. The bone was laid upon the support pin without any fixture on the lateral side but constrained in torsion. The load was introduced in the centre of the span width in medio-lateral direction by a cylindrical steel pin (diameter = 7 mm) oriented perpendicularly to the bone axis. This orientation was chosen because the impact tests (Piskoty et al. 2012 ) were planned to direct the impact load in this sense. The load was applied in steps of 1'000 N up to a total load of 4'000 N, followed by unloading back to zero with the same step width. The loading rate within each step was approximately 33 N/sec. Each loading step was held for 2 minutes in order to measure the deformation in a stabilized condition, e. g. to take possible time-dependent effects into account. This measurement methods followed common practice (Pelker et al. 1984) . The displacement of the pin relative to the support structure was measured with a mechanical device (METRA Type 0.01 mm/div from Metra, Renens,
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Pferdeheilkunde 30 (2014) 579 Switzerland). The deformation of the bone between the supports and the mid-section was measured optically with help of a video extensometer (M46 from Messphysik GmbH, Fürsten-feld, Austria). This 3-point-bending setup was tested with specimens made of wood and calibrated with an aluminium tube. The measured bending stiffness of this reference tube would be measured with an accuracy of 5 %. The mean values of these deformations (obtained during the hold time periods) were recorded for further analysis.
Torsion
Torsional stiffness was measured with help of a torsion test machine (Tinius Olsen 5884 Nm from Tinius Olsen, Horsham, Pennsylvania, USA) with a custom-made optical twist measurement system (Fig. 3) according to standard principles, see Turner and Burr 2001 . Torque was generated with help of a 5 kg weight applied off-centre to the bone axis leading to a distal torque in the bone. A maximum torque of 150 N*m was introduced. The load was applied in 3 steps of 50 N*m up to a total load of 150 N*m, followed by unloading until zero with Old mares 0
Fig. 2
Bending test set-up Fig. 3 Torsion test set-up the same step width and reloading up to 150 N*m again. The loading rate within each step was approximately 16 N*m/sec. Each loading step was held for 2 minutes. Torque was measured mechanically by the machine at one end of the fixture. The twist of the bone was measured optically at the nominal distance of 21 cm by the projection of two beams generated by laser pointers (5 mW red laser pointer pen from Distrelec, Switzerland) on a wall 6 m away from the axis of torsion. The projected distances were recorded manually. For a meaningful comparison between bones, twist deformation was measured within 30 seconds after torque was applied (accuracy 1 %). Twist was calculated in rad/mm for each bone and correlated with the measured torque at each load step.
Statistical analysis
First we summarized all the stiffness data by descriptive statistics (table 2) . The means and standard deviations of the bending and torsional stiffness values for tibiae and radii have been calculated separated with respect to gender and age. For this analysis age was classified in three groups (The sample had no old mares and no young geldings.):
-young horses: Age less than 9 years -middle aged horses: Age between 9 and 16 years -old horses: Age higher than 16 years.
Second we performed mixed effects regression analysis using the software R (http://www.r-project.org, Jan 2014). In a preliminary analysis the following variables were examined: Breed, use, age, gender and side. For the final regression analysis however we decided to omit breed, use and side for the following reasons: No meaningful classification of breed and use could be found and no practical outcome could be expected though. The difference between sides was in all cases by an order of magnitude smaller than the differences between the other variables. Therefor we concluded that it
Pferdeheilkunde 30 (2014) 580 was reasonable to omit side as well. A logarithmic transformation was applied to both stiffness types to meet model assumptions of constant variance. To account for possible correlations between measurements of bones from the same horse, a random effect (additional source of variation) of horse (via the animal identification number) was included in both regressions. Age (centred and scaled), bone type (radius or tibia) and gender (gelding or mare) were included as fixed effects in both regressions. The result of the torsional stiffness measurement of the right tibia of animal No. 4 was a clear outliner, and was therefore excluded from the regression analysis of the log-torsional stiffness. We checked the row data, but could not find an obvious reason for that. We used a 5% significance level to report our results and applied Bonferroni corrections for the six tests that were applied (three tests per stiffness type). The best-fitting regression for both the log-bending stiffness and the log-torsional stiffness resulted in an additive effect of type of bone, age and gender.
Results
Determination of the stiffness values
Figure 4 depicts a typical load-displacement curve from the bending test. Bending stiffness was calculated from the average of the loading and unloading branches of the loaddisplacement curve (not including the measurements at zero load level) in order to account for hysteresis effects. The bending stiffness was defined as the ratio of the load applied centrally in medio-lateral direction, per unit deflection of the bone at this section. In contrast, torsional torque-twist curves did not exhibit any hysteresis effects (Fig. 5) , hence torsional stiffness was computed as the slope of a single linear fit through all the data points of the torque-twist curve. Torsional stiffness was defined as the ratio of the torque applied in the longitudinal direction, per unit twist and per unit length of the bone. Analysis of the stiffness data From the descriptive statistics (table 2) and the graphical presentation ( Fig. 6 to 9 ) we had the impression of an age and a gender effect on both stiffness values. The difference between mare and gelding were between 3.1 % and 16.5 %, see table 3. In order to check the statistical significance we studied the same data set with linear mixed effects regression modelling, s table 4. For the log-bending stiffness, the variation between horses in the linear mixed effects regression was considerable (a standard deviation of 545'904 N/mm), comparable to that of the residuals. A statistically significant effect for bone type (after Bonferroni correction) was detected, such that the tibiae have a larger bending stiffness than radii. Age was estimated to have a decreasing effect on the bending stiffness, and mares
Pferdeheilkunde 30 (2014) 581 were estimated to be less stiff than geldings. But these effects were not statistically significant. It is important to remember that the lack of statistical power in this regression does not imply that there truly were no effects on age and gender on the bending stiffness of bones. Note that the standard errors are relatively large compared to the estimated effects; this is due to the small sample size available for estimation.
For the log-torsional stiffness, similar results were found. Bone type had a statistically significant effect: the torsional stiffness of radii was less than of tibiae. The variation due to horse was much larger than that of the residuals (0.382 N*m[rad/mm] versus 0.105 N*m[rad/mm]). Although not statistically significant, there was a negative trend for age, decreasing the torsional stiffness, and geldings were stiffer than mares.
Fig. 7
Radii -Bending stiffness versus age
Fig. 6
Tibiae -Bending stiffness versus age Table 4 Results for linear mixed effects regressions for log-bending and log-torsional stiffness. Age was centred, and thus the intercept corresponds to the estimated mean stiffness of the radii of geldings at the mean age (12.3 years). 
Discussion
Both load configurations were analysed in detail by Wullschleger et al. (2010) . They compared experimentally found stiffness values with calculated values from a finite element modelling using various bone material models.
Because the deformation had a non-reversible part in all cases, the bone tested in the pre-test was examined carefully. Plastic as well as viscous deformations or damage to the bone structure could be possible causes of such a non-linearity, (Nyquist et al. 1985) . However in our case, the maximum applied load was far lower than the estimated bending strength. Another reason could be the formation of indentations where the loads are applied to the bone, (Turner and Burr 1993) . From the examinations it could be concluded that the permanent deformation was indeed caused by local indentations at the point of load application and was not due to overloading or plastic deformation in the rest of the bone. Therefore, the bending test was judged to be non-destructive in the main part of the bone. The testing scheme that was applied assured that strain rate effects would be insignificant, because the maximum strain rate in the specimen was in the order of 1×10 -5 sec -1 . In the literature, strain rate effects on mechanical properties such as the elastic (relaxation) modulus in compact bone are reported to be within 10 % for strain rates between 1.5 ×10 -1 sec-1 and 1.5 ×10 -4 sec -1 , (Lakes et al. 1979 , Fondrk et al. 1988 .
During the torsion test set-up, the load level was sustained without any indications of damage to the bone, such as acoustic sign or permanent deformation after unloading. Therefore this test was non-destructive in nature. In a pre-test we saw that twist introduced by a torque is time dependent: Twist deformation was altered by 0.03% per second (35% after 20 minutes) of hold time at maximum torque of 1'500N*m. We decided to take the measurement after 1 minute of hold time.
Bending and torsional stiffness values of whole bones have been measured earlier. The mean value for the tibia for torsional stiffness can be compared to values found by McDuffee et al. (McDuffee et al. 1994 and 1997) , but for bending we cannot directly compare the values, because the bone orientation was not the same (medio-lateral versus craniocaudal) and the inter-support length was also different (23 cm instead of 32.5 cm). If we assume, by using classical beam theory, that the deformation is quadratically proportional to the inter-support length, we can estimate the bending stiffness over 23 cm. This stiffness would be doubled (32.5/23.0)2 =1.99). So we get a value of 2*2.34 kN/mm=4.67 kN/mm for the tibia measured by McDuffee et al. 1994 . The value for bending stiffness from the study reported by the same author in 1997 are given in Nm/mm. Transformed to kN/mm the stiffness is very close to the value reported by McDuffee et al. in 1994 (2.31 kN/mm versus 2.34 kN/mm.) These values of both references are less than what we have measured for tibiae (6.81 kN/mm). This difference can be attributed to the different orientation of the bone.
As said, torsion stiffness values for tibia reported by McDuffee et al. (1994) can be directly compared to our results. They measured the torsional stiffness over the full length of 380 mm and found stiffness values of 84.15 N*m/°. This Bending and torsional stiffness measurements of equine radii and tibiae S. Michel et al.
Pferdeheilkunde 30 (2014) 582 equals to 1.83*10 6 N*m/(rad/mm), which is 22.5 % less than our values (2.36*10 6 N*m/(rad/mm). This difference can be explained by the thicker cross section of the bones in the metaphysis and epiphysis compared to the diaphysis. In our case we measured the torsional stiffness only over the diaphysis, which is the slenderest part of the bone.
The symmetry of the data with respect to the horse body (left versus right) has been expected, because other studies on similar bones came to the same conclusion (Hansen et al., 1994 and 1995) . If in future studies a side effect will be considered, we recommend to check for a possible "over-thecross handedness". We had the impression that, such an effect could be present: Assuming that an animal is a lefthander, if its left radius is stronger than the right radius, its right tibia should then be stronger than its left tibia and viceversa. Further experiments with larger sample sizes would be necessary to more accurately estimate such over-the-cross asymmetry effects in bone stiffness. The fact that the tibia is stronger than the radius is not surprising: although they look similar they are anatomically different, and from their location in the body (back leg versus front leg) they experience different load levels. Hanson et al. also found a significant difference between the two types of bones (Hanson et al. 1995 ).
In the literature, age and gender effects have been discussed on various properties of bones. For example, in the study done by Burstein et al. (1976) , stiffness in bending and in torsion were found to be independent of age and show no significant variations with gender. On the other hand, those authors found significant variations with age in human femora but not in human tibiae. In the same study, they found a decreasing material strength and a decreasing Young's modulus with age. While a reduction of bone strength/stiffness in human bones is well known, such an effect is not very well documented for equine bones. We hypothesize here that stiffness of long bones is affected by two factors: Size of the bone and material stiffness. Probably the influence of size is more pronounced than the effect of material stiffness. Because geldings are in general larger than mares, we expect a gender effect on bones size. If so we should find bones from gelding being stiffer than bones from mares. The reason why we do not see this effect in both values (bending stiffness and torsional stiffness) may be caused by a different sensitivity of the bending stiffness and the torsional stiffness on the size of the bone. A second reason might be a difference in accuracy of its experimental determination. To clarify a gender effect on bone size, we plan to perform similar statistical analysis with the same set of bones with respect to various dimensions. This will be based on size measurements performed during the Xtreme computed tomographic study (Fürst et al. 2008a) , where not only mineral density and bone micro-architecture were measured for each bone, but also the (diaphyseal and metaphyseal) diameters, perimeters, and cross sectional areas, as well as second and polar moments of inertia. Primarily we will have a closer look at moments of inertia, because following classical beam theory, bending stiffness is proportional to the second moment of inertia and torsional stiffness is proportional to the polar moment of inertia.
Interestingly the study (Fürst at al. 2008a ) has shown that mineral density and bone micro-architecture (Fürst et al. 2008a) show an age effect but no gender effect. Our interpretation of the stiffness data so far is that two effects are overlapping: First material stiffness is decreasing with age and second gender makes a difference in bone stiffness via its size. This interpretation is supported by the results from bone material measurements: Stiffness is linearly dependent on Young's modulus, and Young's modulus is correlated with bone material micro-architecture. Therefore a reduction of bone stiffness with age can be expected with the weakening of the bone material with age. In conclusion we hypothesize here, that while bone material properties are not affected by gender (see conclusions by Fürst et al. 2008a) , the size of the bones can be: Bones from geldings are probably larger than bones from mares. A gender effect on bone stiffness would be explainable by a gender related size effect on the bones. Such a size effect was already mentioned by Fürst et al. 2008a: The slice area and the thickness of the cortical bone are larger for tibia compared to radius as well as for geldings compared to mares.
Each of our bones were fractured afterwards in a side impact test, see (Fürst et al. 2008b , Piskoty et al. 2012 ) and the two static properties could be used as characteristic strength values of these individual bones. During the evaluation phase of the whole program we tried to find cross-correlations between the various properties of the bones. However the statistical basis of the samples was not large enough to allow further conclusions with statistical evidence.
Conclusions and outlook
The main goal of this study was to determine the stiffness of each individual long bone in the two load cases bending and torsion. A significant difference in both torsional and bending stiffness can be seen between tibiae and radii. Tibiae are stronger than radii. In addition, some evidence that bones from geldings are stiffer than bones from mares and bone stiffness decreases with age was observed. For a confirmation with statistical evidence of these two effects, a larger sample size would be necessary to achieve more precise estimates. 
